For organisms with complex life cycles, variation among individuals in traits associated with survival in one life-history stage can strongly affect the performance in subsequent stages with important repercussions on population dynamics. To identify which individual attributes are the most influential in determining patterns of survival in a cohort of reef fish, we compared the characteristics of Pomacentrus amboinensis surviving early juvenile stages on the reef with those of the cohort from which they originated. Individuals were collected at hatching, the end of the planktonic phase, and two, three, four, six and eight weeks postsettlement. Information stored in the otoliths of individual fish revealed strong carry-over effects of larval condition at hatching on juvenile survival, weeks after settlement (i.e. smaller-is-better). Among the traits examined, planktonic growth history was, by far, the most influential and long-lasting trait associated with juvenile persistence in reef habitats. However, otolith increments suggested that larval growth rate may not be maintained during early juvenile life, when selective mortality swiftly reverses its direction. These changes in selective pressure may mediate growth-mortality trade-offs between predation and starvation risks during early juvenile life. Ontogenetic changes in the shape of selectivity may be a mechanism maintaining phenotypic variation in growth rate and size within a population.
INTRODUCTION
The population dynamics of many animals including insects, amphibians, aquatic invertebrates and fishes involves multiple life stages, during which individuals change their habitat use or diet with ontogeny (i.e. ontogenetic niche shifts; Wilbur 1980) . Niche-specific morphological, physiological and behavioural characteristics determine which individuals have better chances of avoiding predators and obtaining resources to grow and survive to the next life-history stage. As individuals shift between niches, their scope for growth and survival can vary in relation to the physical and biological environment they encounter (Altwegg & Reyer 2003) . Understanding the mechanisms generating such phenotypic variation within and between ontogenetic stages is critical for animals with complex life cycles, where events occurring at one life stage can propagate through time (carry-over effects) and have profound demographic, life-history and genetic consequences on populations (e.g. Beckerman et al. 2002) .
Historically, studies of animal populations have focused on growth parameters such as rates, durations, time of onset and offset as major factors influencing the survival of individuals between ontogenetic stages ( Jones & German 2005) . During the early life history of fishes, the role of growth is encapsulated by the growth-mortality hypothesis (Anderson 1988) , which provides a theoretical framework to examine the carry-over effects of larval condition on post-metamorphic survival. The theory suggests that faster growing larvae may be able to gain survival advantages by shortening a developmental phase (the 'stage-duration' mechanism; Houde 1987) and potentially reducing predation and/or starvation risks by attaining a larger size at a given age (the 'bigger-is-better' mechanism; Miller et al. 1988) . Advantages gained during larval phases are believed to extend to the juvenile phase, where they influence individual chances of survival (Sogard 1997; Vigliola & Meekan 2002) .
Some aspects of the growth-mortality theory have been questioned, particularly the bigger-is-better mechanism (e.g. Fuiman 1989; Litvak & Leggett 1992) . Substantial theoretical and empirical evidence has shown that survival of fish larvae is unlikely to be monotonically related to size (e.g. Pepin et al. 1992; Leggett & DeBlois 1994; Cowan et al. 1996) . However, it is still widely accepted that larger individuals are more likely to survive than smaller conspecifics (e.g. McGurk 1986; Miller et al. 1988; Cowan & Houde 1992; Sogard 1997) . While body size determines to a large extent the type and strength of ecological interactions experienced by an individual throughout its lifetime, and translates into size-specific patterns of survival at the population level, the generality of size-selective processes in natural populations remains controversial and may not be sufficient to explain the demography of individuals in the wild (Pfister & Wang 2005) .
The back-calculation of growth and mortality patterns from otoliths has enabled recent studies to show that larval growth history strongly influences juvenile survivorship of marine fishes in benthic habitats (e.g. Searcy & Sponaugle 2001; Vigliola & Meekan 2002; Jenkins & King 2006) . Events prior to hatching (via maternal effects) also have the potential to affect post-settlement survivorship ( Vigliola & Meekan 2002; , but these processes have not yet been quantitatively linked. Similarly, despite some evidence that events during post-settlement life have the capacity to breakdown patterns established at settlement (e.g. Webster 2002) and potentially obscure the effects of larval experience on juvenile success (Bertram et al. 1993; McCormick & Hoey 2004) , few studies have linked larval and early postsettlement growth histories to persistence of juveniles in benthic habitats (but see Searcy & Sponaugle 2001; Vigliola & Meekan 2002; McCormick & Hoey 2004) .
In the present study, we use growth histories recorded in the otoliths of a common coral reef fish, Pomacentrus amboinensis, to determine the extent to which variation in life-history characteristics, among individuals within a cohort, influences survival through ontogenetic niche shifts in the wild. Specifically, we aim to quantify the shape and magnitude of selective mortality acting on phenotypic variability from the end of the embryonic stage, through the planktonic larval phase, to weeks and months after settlement. By doing so, we identified the growth-related attributes that are the most influential in determining patterns of juvenile survival in benthic habitats.
MATERIAL AND METHODS

(a) Study species
We studied the Ambon damselfish (P. amboinensis), a common and abundant coral reef fish on the Great Barrier Reef. The life cycle of this species begins around the time of the full moon in benthic nest sites, where females lay eggs that are tended by a male until the completion of embryonic development and hatching, a process that takes 4-5 days. Following hatching, P. amboinensis offspring undergo a 15-to 23-day planktonic phase (Kerrigan 1996) before returning to the reef at the time of the following new moon, when they rapidly (in less than 12 h) metamorphose into juveniles ( McCormick et al. 2002) and settle directly into adult reef habitats. Once settled, P. amboinensis remains strongly site-attached throughout benthic life (Booth 2002 These sites were distributed across all habitats and depths, where P. amboinensis occurs at the study location so as to obtain as representative a sample as possible of traits that may influence survival in the population reproductive output for that pulse. We collected a total of 42 egg clutches spawned on plastic half-pipes that had been adopted by males as nest sites (Gagliano & McCormick 2007a) . Prior to dusk on the night of hatching, clutches were brought into the laboratory and placed in well-aerated aquaria of flowing seawater at 288C (ambient). All wild clutches successfully hatched in the laboratory and all individuals from each clutch hatched within a 20-30 min period. Subsamples of approximately 100 newly hatched larvae were collected from each clutch using a small hand net and a fine brush, and immediately preserved in 30% ethanol freshwater solution stored at K198C. This allowed accurate measurement of morphology and otolith dimensions of newly hatched larvae with a negligible error due to shrinkage . During the new moon in November, over 7000 newly metamorphosed P. amboinensis were captured using light traps (see fig. 1 in Meekan et al. 2001 for trap design) as they approached the reefs surrounding Lizard Island. Traps were moored over sand approximately 100 m apart and 30-50 m from the reef edge. They were suspended from a buoy 1 m below the surface prior to dusk and then cleared of fish just after dawn the following morning for 12 days centred around the time of the new moon. This period was likely to encompass the majority of the settlement pulse for the month ( Kerrigan 1996) . Fish collected by light traps were sacrificed immediately following capture and preserved in 70% ethanol. Individuals from this same lunar cohort (i.e. those who originally settled on the reef during the new moon in November) were sampled by divers using SCUBA two, three, four, six and eight weeks after settlement from reef habitats using hand nets and an anaesthetic (ethanol : clove oil mixture, 5 : 1). A total of 635 juveniles were collected from the reef. Effort was spread over different habitats and locations on large sections (500-800 m) of the fringing reef around Lizard Island to ensure that sampling would not bias subsequent collections and account for potential spatial variability of the examined traits ( Vigliola & Meekan 2002) . After each collection, juvenile fish were immediately preserved in 70% ethanol.
(c) Data collection Twenty newly hatched larvae were randomly selected from each clutch and photographed individually against a scale bar under a dissecting microscope. Larval body dimensions, including standard length (SL), yolk-sac area ( YK) and oil globule area (OG), were measured on these images using image analysis software (OPTIMAS v. 6.5). Sagittal otoliths or ear bones of individual hatchlings were located under a compound microscope at 40! magnification using a polarized light source and otolith size (maximum diameter in micrometres) was recorded as a measure of sizeat-hatching.
Over 7000 P. amboinensis settlers were caught by light traps in November. Preserved individuals were measured to the nearest 0.1 mm SL and then size-corrected to account for shrinkage effects (estimated at 11% for SL during the first month of preservation, after which shrinkage of this attribute becomes negligible). A total of 410 individuals were then randomly subsampled in proportion to the numbers occurring in 1 mm size classes of SL within the size range of the entire light trap collection.
To compare the early life history of P. amboinensis surviving on the reef with that of the cohort at earlier times, we examined the information stored in the otoliths of fish from each of the seven collections (newly hatched through to eight weeks post-settlement). After removal from the fish, thin cross-sections of otoliths were obtained for analysis by mounting sagitta in thermoplastic cement (Crystal Bond) on a glass microscope slide. These were then ground and polished using 12-0.3 mm lapping films, as described by Wilson & McCormick (1997) . Sections were viewed using a compound microscope at 400! magnification and analysed along the longest axis of the crosssection by a video image-analysis system linked to the microscope.
As in many other tropical and temperate fishes (Wellington & Victor 1989) , P. amboinensis forms an increment closest to the spherical nucleus of the otolith on the day of hatching. Furthermore, settlement coincides with deposition of a single dark increment followed by a sharp decline in increment width in the otolith (Wilson & McCormick 1997) . Formation of daily increments after settlement has been validated by Pitcher (1988) . To ensure that our analyses included only fishes that were part of the same November cohort, we counted the number of increments from the settlement mark to the edge of the otolith of all benthic juveniles in our collections and excluded fishes that were older or younger (less than 15%) than expected at the date of capture from the reef.
(d) Data analyses
We tested for the presence of size-and growth-selective mortality in the cohort of newly settled P. amboinensis by comparing the distribution of otolith characteristics at a given age among successive collections from the time of hatching to eight weeks after settlement. For example, we compared distributions of size-at-settlement of all benthic juveniles (i.e. post-settlement survivors) with those of all newly metamorphosed settlers caught by light traps (i.e. our samples of the cohort immediately prior to settlement from which these survivors originated) to test for size-selective mortality acting on this trait at the time of settlement. A shift (i.e. change in skewness) in the distribution of traits of survivors to the left and/or decline in mean size-at-settlement would suggest that smaller individuals have higher rates of survival than larger conspecifics at settlement (i.e. negative directional selection). Similarly, a shift to the right and/or an increase in mean size would indicate that selection favours larger individuals. Size and growth rate distributions (survivors versus original cohort) for each pair of samples (i.e. ages) were compared using the non-parametric Kolmogorov-Smirnov two-sample test owing to its sensitivity to changes in location, dispersion and skewness of the distributions, while making no assumptions on the distribution of data (Sokal & Rohlf 2001) . The significance of all comparisons was based on an a-level of 0.05. We examined the frequency distributions of pelagic larval duration (PLD), size-at-hatching, size-at-settlement, size-at-age (2, 3 and 4 weeks post-settlement) and growth (pelagic larval phase, 2-4 weeks post-settlement). In our comparison of selected traits at hatching of newly hatched larvae with those of the cohort at older ages, we assumed that hatchlings collected from benthic nests around Lizard Island were a representative sample of the cohort of fish that settled on the fringing reefs around the island. Although this is an untestable assumption, we believe it is justifiable, given that recent evidence has suggested a high degree of selfrecruitment at this location (e.g. Jones et al. 1999; James et al. 2002) and the extensive range of habitats and environmental conditions sampled around Lizard Island during the present study.
All comparisons of relative size and growth within the targeted cohort were based on and refer to otolith measurements only, unless specified otherwise. The advantage of using otolith traits for studies of phenotypic selection is that these measurements are permanent individual records unmodified by subsequent age and growth, thus providing a convenient means for quantifying phenotypic selection (cf. Swain 1992) . We estimated the intensity of linear (S i ) and nonlinear selection (C i ) as
where z before and z after are the mean; and Var before and Var after are the variance of size (or growth) z before-and afterselection, respectively (Brodie et al. 1995) .
Since phenotypic selection can have both linear and nonlinear forms, we also described selection acting on size and growth rate of larval and juvenile P. amboinensis, using the non-parametric approach pioneered by Schluter (1988) and modified by Anderson (1995) and Sinclair et al. (2002) for cross-sectional data. This spline-based regression method describes relative survival as a smoothly changing function of size or growth, making no assumptions about the underlying fitness function, and allows calculation of 95% confidence bands about the curve. Briefly, we first estimated the conditional probability h(z) that a fish of size (or growth) z at a given age was caught in the sample of survivors, given that it was caught in one of the two samples. To do this, fish caught prior to the occurrence of selection were coded as 0 and those caught after selection as 1, and h(z) was estimated using a generalized additive model assuming a binomial error distribution and a logit link as per Sinclair et al. (2002) and given by
where u is a cubic B-spline smooth function of z, with a smoothing parameter l chosen by generalized cross validation. The relative survival function f (z) was then given by f ðzÞ Z n before n after hðzÞ 1K hðzÞ ;
where n before and n after are the numbers in the before-and after-selection group, respectively. Finally, the probability (p) of a newly hatched fish surviving the pelagic phase and reaching benthic habitats as a function of its larval characteristics (SL, standard length; YK, yolk-sac area; OG, oil globule area) was estimated using logistic regression analysis. These larval characteristics are important because they are directly influenced by maternal provisioning to offspring (McCormick 2006; Gagliano & McCormick 2007a ) and thus enable potential carry-over effects of maternally induced variation on offspring survival to be quantified. Although individual survivorship was not directly recorded, we used these larval characteristics associated with change in the distributions of otolith sizeat-hatching as a proxy for survival. To do this, we first examined both the size-frequency distributions at settlement (i.e. comparing newly hatched larvae with settled fish) and the form of phenotypic selection acting on otolith sizeat-hatching during the planktonic phase and identified the range of otolith sizes representing individuals unlikely to survive to settlement, where a low probability of survival was defined as those individuals representing less than 1% of the surviving size-frequency distribution (see figure 1 in the electronic supplementary material). We then dummy-coded all hatchlings likely to survive as '1' and all those unlikely to survive the pelagic phase as '0' based on their otolith sizeat-hatching. To identify the minimum number of variables that predicted survival to settlement, we used the best subset model. This involves a likelihood score criterion and the Wald test (Z ) to evaluate the statistical significance of each of the regression coefficients. All traits included in the analysis met the assumption of no collinearity.
RESULTS
Individuals surviving the intense size-selective mortality, which occurred during the pelagic phase, had significantly smaller otoliths at hatching ( z before Z0.029 mm, z after Z0.023 mm; Kolmogorov-Smirnov test, p!0.001; figure 1a and electronic supplementary material, figure 1a ). Selective mortality of individuals with larger otoliths at hatching was also pronounced during the first two weeks following settlement on reef habitats ( z before Z 0.023 mm, z after Z0.022 mm; Kolmogorov-Smirnov test, p!0.001), indicating that selection for this trait operated between the life-history stages (figure 1a). Logistic regression analysis based on dummy-coded individuals showed that the probability (p) of a newly hatched fish surviving the planktonic phase and reaching reef habitats depended on both body size, SL (Wald test ZZ22.40, p!0.001) and amount of yolk-sac reserves, YK (Wald test ZZ8.81, p!0.003) at hatching (logit (p)Z5.60K 2.14SL C8.25YK). Specifically, smaller body size and larger yolk-sac reserves at the time of hatching were associated with smaller otolith size and higher survival probability.
The significant selective loss of individuals with faster larval growth during the planktonic phase continued to occur weeks to months after settlement, influencing survivorship of subsequent life stages on benthic habitats (figure 1b and electronic supplementary material, figure 1b). Growth during the planktonic phase was a stronger determinant of survivorship than growth at older ages (figure 1b). Importantly, we found that selective mortality based on larval growth was generally nonlinear and changed the form across ontogenetic stages (figures 1b and 2).
We detected no selective mortality based on PLD (Kolmogorov-Smirnov test, pO0.10). Juveniles collected from the reef settled at similar ages to recruits collected at settlement by light traps (mean PLD: 17.80 days and 17.66, respectively), and variation in PLD among individuals was relatively low (recruits PLD range: 15-22 days; juvenile PLD range: 15-22 days; CV!9%).
Although selective mortality of this cohort after settlement was strongly associated with larval characteristics, we also detected significant selection based on juvenile traits, including otolith size-at-settlement and growth over the first two to three weeks following settlement on the reef (figure 1 and electronic supplementary material, figure 1). We found that smaller initial size conferred higher survival probability to newly settled P. amboinensis. However, despite of being slower-growing as larvae and the smaller members of the cohort at settlement, survivors of the early juvenile period were those individuals who grew faster during the first two weeks on the reef (figures 1b and 3a,b) . We found that the growth rates in the larval and early juvenile period (first two weeks) were inversely related (rZK0.46, p!0.001). Interestingly, those individuals who continued to grow at a faster rate throughout the third week post-settlement were preferentially lost from the cohort (figure 1), as shown by a significant switch in the direction of the selection curve ( figure 3b,c) .
DISCUSSION
By exploring the links between life-history stages of a coral reef fish, we have demonstrated how juvenile survivorship can be significantly influenced by processes taking place in the pelagic environment or even before hatching of larvae via parental effects. Pomacentrus amboinensis individuals that survived intense size-selective mortality, which occurred during the pelagic phase, had significantly smaller otoliths at hatching. We found that otolith size-at-hatching closely reflected a combination of early larval characteristics (i.e. larval body size and amount of yolk-sac reserves); contrary to expectations of the bigger-is-better hypothesis (Miller et al. 1988) , there was no apparent disadvantage of small size at hatching, when body size was coupled with large energy reserves. Previous studies have directly linked larval and yolk-sac size to maternal condition in this species (McCormick 2003 (McCormick , 2006 Gagliano & McCormick 2007a) and suggested that females can constrain size of offspring in favour of quality (i.e. yolk-sac size). For example, McCormick (2006) showed that maternal stress from competition increases cortisol in P. amboinensis ovaries and decreases larval size but not yolk-sac reserve. In the light of the present study, we suggest that 'smalleris-better' may be a maternal strategy for increasing early survivorship of larvae rather than decreasing it. Clearly, the relationship between the condition of parental stock, larval characteristics and otolith size deserves further investigation. Furthermore, selective mortality of individuals with larger otoliths at hatching was also pronounced during the first two weeks following settlement on reef habitats, indicating that there was a Selective mortality in a marine fish M. Gagliano et al. 1579 carry-over effect on selection for this trait that operated across life-history stages. Among the traits considered in this study, pelagic larval growth was, by far, the most influential and long-lasting trait associated with juvenile persistence on the reef. Selective mortality based on larval growth was generally nonlinear and changed form across ontogenetic stages. Such changes in the shape and magnitude of selective mortality over time may help maintain phenotypic variation in larval growth and ultimately preserve (genetic) variation in fish populations (Swain 1992; Hare & Cowen 1997) . This could also explain why we do not see a progressive evolution towards faster larval growth rates, as might be predicted if faster-growing individuals within a cohort enjoy higher probability of survival (the growthrate mechanism; Anderson 1988) .
Unlike pelagic larval growth, we detected no patterns of selective mortality based on PLD. The low variation in this trait among individuals suggests that selective mortality with respect to this trait had limited potential to occur within this cohort (cf. Sogard 1997 ). There appears to be low intra-cohort variability in larval duration in this family of reef fishes (Robertson et al. 1990 ) and our results combined with previous findings on other pomacentrid species (e.g. Bay et al. 2006) suggest that theoretical predictions of the stageduration mechanism (Houde 1987 ) are unlikely to be applicable to this group of fishes.
Although our results showed that larval traits strongly influenced patterns of selective mortality within this cohort weeks after settlement, juvenile characteristics also significantly shaped early survivorship of individuals on reef habitats. Specifically, smaller rather than larger initial size conferred higher survival probability to newly settled P. amboinensis. This result contrasts with predictions of the growth-mortality hypothesis (Anderson 1988) , which proposes that faster growth at this time enhances survival through the covariation of size with behavioural, physiological and other morphological attributes, which reduce potential predation and/or starvation risks. However, the present finding supports recent evidence indicating that the extent of size-selective mortality of newly settled reef fish can differ among locations separated by only hundreds of metres (Holmes & McCormick 2006) . This suggests that the characteristics of the predator assemblage and prevailing environmental conditions can lessen or even negate any advantage to being large at settlement. Ultimately, the lack or even the possibility of negative covariance between size and survival could be indicative of a trade-off between growth and size against behavioural, physiological and other morphological attributes rather than a growth-mortality hypothesis.
Interestingly, survivors of the early juvenile period were those individuals who were slower-growing as larvae and smaller at settlement but grew faster during the first two weeks on the reef (figure 4). Our finding of an inverse relationship between the growth rates in the larval and early juvenile periods (first two weeks) is consistent with earlier laboratory studies (Bertram et al. 1993) and recent field experiments (McCormick & Hoey 2004) , in that it demonstrates that growth rates throughout the planktonic life are not necessarily maintained during the early post-settlement period. This also suggests that changes in the direction of phenotypic selection can promote the occurrence of compensatory responses during early juvenile life (see review by Ali et al. 2003) .
Faster growth during the first few days on the reef is expected to be advantageous by enabling initially smaller settlers to quickly outgrow high vulnerability to gapelimited predators (bigger-is-better hypothesis; Anderson 1988) . However, we found that individuals who maintained a faster growth trajectory throughout the third week post-settlement were preferentially lost from the cohort (figure 4). It may be that young fish, faced with intense selective pressure to grow at a faster rate during the earlier periods of benthic life, had high foraging motivation ( Nicieza & Metcalfe 1999) and may be willing to take a potentially greater predation risk for possible gains in food resources (Biro et al. 2004 (Biro et al. , 2005 . If this is the case, significant changes in behaviourally mediated mortality could be expected to occur over narrow time frames.
Overall, our analyses revealed that strong size-and growth-selective mortality generally removed the larger and faster growing members of the cohort (i.e. smalleris-better). Larval growth during planktonic life was by far the most enduring of all the traits examined, influencing survivorship of young fish settled on reef habitats. The selective loss of individuals with faster larval growth observed in the present study is counter to the prediction of the growth-rate mechanism (Anderson 1988) . While the theory is supported by a large number of both field and laboratory studies, there are a growing number of examples of studies that have found that faster larval growth does not always confer greater survival benefits (e.g. Cowan et al. 1996; Fuiman et al. 2005) or detected no selective mortality based on larval growth (e.g. Searcy & Sponaugle 2001) . Empirical evidence from other animal systems has also demonstrated that in some environments, individuals growing slower experience a greater advantage, in terms of survival, than do fastergrowing conspecifics (e.g. amphibians, Werner 1991; mammals, Negus et al. 1992; insects, Gotthard et al. 1994; reptiles, Olsson & Shine 2002) . When rapid growth entails physiological changes that lead to a reduced capacity to respond to environmental stress (Arendt 1997) , the costs of growing too fast may increase under harsh conditions. So, why do some individuals still grow faster when rapid growth compromises their early survival? One possibility is that individuals follow a growth pathway defined early in their development (e.g. prior to or at hatching) and they are unable of modifying its trajectory until later in life (e.g. after settlement; see Gagliano & McCormick 2007b) . In fish, where early pelagic larvae have limited or no control of the spatially and temporally variable environment to which they are exposed, the variation per se in growth trajectories among individuals of the same cohort may be adaptive. Ultimately, if this is the case, the lack of consistency in trends of selective mortality based on larval growth may be the result of masked ontogenetic changes in the form and intensity of selectivity. While this is clearly a complicating factor to our understanding of selective processes influencing early survival of young fish, unveiling changes in selective curves over different portions of the life history may ultimately enable us to better appreciate the dynamics governing the complex life cycles of many species.
